M
itral stenosis (MS) is characterized by an elevation in left atrial (LA) pressure as a result of impairments in mitral valve opening and LA emptying. Severe MS is defined by a mitral valve area (MVA) ≤1.5 cm 2 , but even with this degree of narrowing, mean mitral gradients (MGs) can vary considerably given their dependence on flow (stroke volume [SV] ) and heart rate. [1] [2] [3] This is relevant to patients with MS where SV is impacted by the fixed reduction in left ventricular (LV) preload from mitral valvular impedance to LV filling. [4] [5] [6] [7] [8] can additionally be affected by direct extension of the inflammatory rheumatic process to the subvalvular apparatus and adjacent basal myocardium, impeding ventricular systolic and diastolic performance. 8 Furthermore, the development of atrial fibrillation (AF) or pulmonary hypertension, secondary to MS or common age-related comorbidities such as hypertension and coronary disease, can all independently affect cardiac performance lowering SV. 9, 10 Whether patients with MS with a low gradient can also have functionally severe MS that responds to valvuloplasty is unclear, prompting this investigation.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request. Sharing patient data is subject to the limitations of informed consent and approval by the Mayo Clinic's institutional review board.
Study Population
This study was approved by the Mayo Clinic's institutional review board and included consecutive patients with severe inflammatory MS who underwent mitral valvuloplasty between January 1, 2002, and December 31, 2011. Exclusion criteria included patients younger than 18 years, greater than moderate mitral/aortic regurgitation, greater than mild aortic stenosis, calcific MS, presence of prosthetic valves, ejection fraction (EF) <45%, complex congenital heart disease, constrictive pericarditis, and/or hypertrophic cardiomyopathy. Patients' medical records were reviewed for baseline characteristics, symptoms, echocardiographic data, and cardiac catheterization data. Symptoms were assessed by chart review. Documentation included New York Heart Association class before valvuloplasty and at first follow-up after the procedure in all patients; change in New York Heart Association class was used to document improvement. Mortality was assessed by reviewing medical records and from the Social Security Death Index.
Echocardiographic Data
Comprehensive 2-dimensional and Doppler echocardiographic data were acquired before mitral balloon valvuloplasty in accordance with American Society of Echocardiography guidelines 1 and interpreted by Mayo Clinic echocardiographers. For patients with AF, at least 5 cycles were averaged for all measurements. MVA was calculated using echocardiographic pressure half-time (PHT) from the continuous-wave Doppler signal across the mitral inflow, according to guideline recommendations 3 and was considered severe if MVA was ≤1.5 cm 2 .
MVA was also determined by planimetry when feasible and by continuity equation when left-sided valvular regurgitation was mild or less. Patients were considered to have low gradient if their mean diastolic transmitral gradient from transthoracic echocardiography was <10 mm Hg. SV index (SVI) was calculated from the LV outflow tract diameter and tissue velocity integral and was considered to be low flow when SVI was ≤35 L/min per m 2 . LV end-systolic and end-diastolic volumes were determined by standard echocardiographic methods.
Cardiac Catheterization
All patients in this study underwent invasive hemodynamic assessment on their chronic medications following minimal sedation at the time of valvuloplasty. Right heart catheterization was performed using fluid-filled balloon-tipped catheters. Right atrial and pulmonary artery pressures were measured at end expiration (mean of ≥3 beats). Cardiac output (CO) was measured using thermodilution method. Left heart catheterization was performed by transseptal puncture from the right common femoral vein with an 8F Mullins sheath to measure direct LA pressure and a balloon wedge catheter through the Mullins sheath to measure LV pressure. Pulmonary vascular resistance was assessed by (mean pulmonary arteryÀLA pressure)/CO. MVA was calculated using the Gorlin formula. All hemodynamic measurements were repeated following valvuloplasty.
Single-Beat Pressure Volume Relationships
The LV end-diastolic pressure, end-diastolic volume relationship (end-diastolic pressure=aend-diastolic volume b ) was assessed using invasive LV end-diastolic pressure and echocardiographic LV volumes according to the single-beat method of Klotz et al. 11 This analysis yields the LV stiffness constant b (which is directly proportional to LV chamber stiffness) and scaling constant a. From these parameters, predicted LV end-diastolic volume at a common LV filling pressure of 30 mm Hg was calculated, which provides a measure of diastolic chamber capacitance (predicted LV enddiastolic volume at a common LV filling pressure of 30 mm Hg decreases as diastolic LV chamber stiffness increases). The LV end-systolic elastance (Ees), which provides a load-independent measure of LV contractility, was calculated using the single-beat method of Chen.
12
Effective arterial elastance, a composite measure of steady state and pulsatile load was calculated as end-systolic pressure/SV. 13 Ventricular vascular coupling was calculated as the ratio of effective arterial elastance to Ees. 14 
Statistical Analysis
Normally distributed variables are reported as meanAESD.
Continuous normally distributed variables were compared

Clinical Perspective
What Is New?
• Among patients with severe mitral stenosis, a subset exists with low output and low transmitral gradient.
• Patients with low-flow, low-gradient severe mitral stenosis had higher arterial afterload, greater prevalence of atrial fibrillation, more subvalvular thickening, and decreased left ventricular compliance compared with those with highgradient mitral stenosis.
What Are the Clinical Implications?
• Patients with low-flow, low-gradient severe mitral stenosis had less symptomatic improvement after valvuloplasty; mitral valve gradient rather than area had the best predictive value for symptomatic improvement. 
Results
Baseline Characteristics
A total of 101 consecutive patients with severe MS who underwent mitral balloon valvuloplasty were included. Low gradient (<10 mm Hg) was present in 55 (54%) patients, including low flow /low gradient in 11 (11%) and normal flow/ low gradient in 44 (44%), and high gradient was present in 46 (46%). The baseline characteristics and echocardiographic data of low-gradient (LG) MS compared with high-gradient (HG) MS are summarized in Table 1 , and the catheterization data are summarized in Table 2 . Additionally, 68 of the patients had MVA by continuity, and 46 had MVA by planimetry. MVA using PHT demonstrated significant correlation with catheterization-derived MVA by Gorlin (r=+0.5, P<0.0001), and echocardiographic measurements by planimetry (r=+0.4, P=0.002) and continuity (r=+0.4, P=0.0005).
When compared with HG MS, patients with LG MS were older (P=0.0001) and had higher prevalence of AF (P=0.0008), higher use of b-blockers, and lower baseline heart rate (P<0.0001) compared with patients with HG MS.
LG MS was associated with lower mean LA pressure but higher LV enddiastolic pressure compared with HG MS. Mean pulmonary artery pressure, pulmonary vascular resistance, and MVA were all less abnormal in patients with LG MS. 
Response to Valvuloplasty
Hemodynamic Subsets of LG MS
Normal-flow, LG MS 
Low-flow, LG MS
Compared with other groups, the 11 patients in the LF/LG group were older (P<0.0001) with less female predominance. AF (91%, P=0.0002) and previous stroke (55%, P<0.0001) were more prevalent in the LF/LG group ( Table 3 ). The heart rates (73AE12 versus 78AE12, P=0.2) at baseline were similar between the LF/LG MS and HG MS groups. The LF/LG group also had the highest prevalence of grade ≥2 subvalvular thickening based on the Abascal-Wilkins scoring system (100%). Catheterization-derived SVI and MG differences among groups (Table 3) were similar to those defined by echocardiography. Moreover, the LF/LG group had lower catheterizationderived SVI with a low MG of 8AE3 mm Hg despite a catheterization-derived MVA in the severe range (1.2AE0. 3 cm 2 ) (Table 3) .
Arterial afterload as assessed by effective arterial elastance was highest in patients with LF/LG MS (2.1AE0.5 versus 1.3AE0.3 versus 1.5AE0.3, P<0.0001) (Table 3, Figure 3 ). Moreover, SVI was inversely related to effective arterial elastance and lower in AF (Figure 4 ). Patients with LF/LG MS had the lowest EF (57AE10% versus 65AE4% versus 63AE6%, 
Predictors of symptom response
On logistic regression to identify predictors of poor symptom improvement with valvuloplasty among all patients with severe MS, a gradient <10 mm Hg by Doppler echocardiography best identified poor responders (area under the curve 0.641, P=0.01) ( Table 4 ). In addition, an elevated LV end-diastolic pressure >15 mm Hg and a higher b stiffness coefficient were predictive of worse symptom response. Notably, MVA by catheterization or echocardiography and baseline LA pressure did not predict symptom response. Although mean gradient was significantly higher in responders than nonresponders, there was significant overlap between groups ( Figure 5 ). MVA was similar between responders and nonresponders by both echocardiography (1.2AE0.2 versus 1.3AE0.2 cm 2 , P=0.3) and catheterization (1.4AE0.4 versus 1.3AE0.4, P=0.5). All patients with a mean gradient ≥15 mm Hg derived symptomatic benefit from valvuloplasty ( Figure 5 ).
Discussion
The presence of LG MS was associated with lesser symptomatic improvement after valvuloplasty compared with HG 
MS. LF/
LG was associated with a distinct constellation of findings, similar to what is seen in paradoxical LF/LG aortic stenosis, 15 including high arterial afterload with ventricularvascular uncoupling, high prevalence of AF, and decreased LV compliance with subvalvular thickening (Figure 6 ). Although the EF was lower in LF/LG, this did not reflect a reduction in intrinsic contractility (Ees) but was related to loading conditions, which is associated with decreased SV and mean gradient. This raises the possibility that these patients could have pseudosevere MS with symptoms driven by arterial stiffness and ventricular-vascular uncoupling, AF, and decreased LV compliance rather than intrinsic true severe MS, which are not addressed by valvuloplasty. This could explain the decreased symptomatic benefit in these patients. On the other hand, patients with NF/LG MS had higher catheterization-derived MVA and lower baseline LA pressure, suggesting that this entity represents less than severe MS that may not benefit from valvuloplasty. These hemodynamic phenotypes (LF/LG MS and NF/LG MS) provide new insight into why some patients with MS and a low gradient extract smaller benefits from valvuloplasty. In addition, in patients with MS overall, we were unable to demonstrate a predictive value to MVA whether by catheterization or echocardiography to predict symptomatic improvement following valvuloplasty. The mitral gradient best identified patients likely to respond, suggesting that the gradient should be the key determinant of symptomatic severe MS that is likely to respond to therapy.
Low-Flow, LG Severe MS
The hemodynamic manifestation of MS has typically been described as an elevated LA pressure along with reduced CO as a result of the obstruction across the stenotic valve. 5, 16, 17 However, there has been a shift in the demographic characteristics of MS in the Western world. 9 The mean age of patients with LF/LG MS was 73 years compared with 58 years in older epidemiologic studies of patients with rheumatic MS. 18 Age-related cardiovascular changes including aortic stiffening and LV noncompliance, similar to what is seen in heart failure with preserved EF, may confound the presentation of rheumatic MS. Despite the long-held theory that rheumatic MS is an isolated disease of the mitral valve, a number of preliminary studies have identified LV myocardial abnormalities and an increased afterload in a subset of patients with MS, 7, 19 as well as a low gradient in some patients with pathologically confirmed severe MS. 20, 21 However, the intersection of these abnormalities and relationship with SV has not been well described. This study suggests that the hemodynamic and symptomatic benefit from valvuloplasty may be limited in some patients with a mean gradient <10 mm Hg. The mechanism of this lack of response to valvuloplasty can be explained according to the hemodynamic profile with unique characteristics present in patient with LF/LG MS. An increase in arterial afterload was demonstrated in the LF/LG group similar to what has been described in patients with paradoxical LF/LG aortic stenosis. 13, 22, 23 This was associated with lower EF, suggesting myocardial dysfunction, which could be related to either intrinsic contractile dysfunction or afterload mismatch. Several previous studies have postulated mechanisms for the decreased myocardial performance in rheumatic MS including chronic myocardial inflammation and basal tethering by subvalvular remodeling. 4, 6, [24] [25] [26] [27] [28] In our study, however, since intrinsic contractility, as defined by the gold-standard Ees, was not decreased and since EF is load dependent, 22,29 the increased afterload likely accounts for the apparent decrease in systolic performance and SV. We are unable to determine from our cross-sectional study whether the increase in afterload is the cause or consequence of the low CO and SV, since a low CO can result in neurohormonal and sympathetic activation resulting in peripheral vasoconstriction similar to patients with systolic heart failure. 30 The older age of the LF/LG population is also consistent with greater age-related vascular stiffening. Several smaller studies have previously explored the determinants of myocardial performance in severe MS but have not systematically correlated this with flow and gradient patterns. Gash et al 7 proposed that patients with severe MS had high afterload with reduced preload caused by the transmitral obstruction, offsetting adequate preload-dependent FrankStarling compensation. Others showed that the elevated afterload persisted even after valvuloplasty despite the increase in preload. Moreover, our study showed that patients with severe LF/LG MS had a higher prevalence of AF, suggesting that the loss of atrial contribution to filling could be a factor in their reduced SV. AF in MS has been shown to impact LV preload and CO as a result of inefficient ventricular filling from the irregular cycle length and the loss of the atrial kick. 31, 32 Our study also showed that patients with LF/LG MS have decreased LV compliance (increased b and decreased predicted LV end-diastolic volume at a common LV filling pressure of 30 mm Hg). This could be related to age-related changes that can occur in patients with LF/LG MS, but can also be associated with the prevalent subvalvular thickening seen in that group. Contrary to prior studies, 33 high pulmonary vascular resistance and right ventricular dysfunction did not appear to be a major cause of low SV in the patients with LF/LG MS. Older age, AF, prior stroke, arterial stiffness, and decreased LV compliance remain unaltered by the valvuloplasty procedure and likely contributed to worse long-term outcomes in patients with LG MS.
Normal-Flow LG MS
The NF/LG group had higher MVA and lower LA pressure by catheterization compared with the HG MS group. This group had a lesser degree of reduction in MG and LA pressure after valvuloplasty, and had the most favorable long-term outcomes. This suggests that this group represents a less severe form of MS. Such patients may benefit from exercise testing to better assess the functional response and mean gradient of the valve before proceeding with invasive valvuloplasty.
Clinical Implications
Among these patients with MS overall, the MVA, whether measured by echocardiography or by catheterization, did not predict symptom improvement. This, in addition to a recent study on aortic stenosis, 34 suggests that the assumptions underlying the valve area calculations may be less accurate in predicting functional significance compared with gradient measurements. Given the decreased hemodynamic benefit afforded by valvuloplasty in patients with LG MS, functional assessment with pharmacological manipulation of arterial afterload with vasodilator testing may help determine which of the patients with LF/LG MS have true versus pseudosevere MS and enable better selection of candidates who are likely to benefit from valvuloplasty. 22, 23 For patients with pseudosevere MS, simple afterload reduction to improve vascular stiffness may be all that is indicated to improve filling pressures and symptoms. This requires prospective study and future investigation. In addition, the high prevalence of AF in the LF/LG MS group suggests that AF may be a viable target for intervention with cardioversion or rhythm control in these patients, with the goal being improvement in LV preload, myocardial performance and exercise capacity.
Limitations
There is selection bias in our study population since only patients undergoing valvuloplasty procedures were included. Echocardiographic and catheterization measurements were not simultaneous, but, with a median time difference of only 6 days and with both studies performed in the fasting state and without active diuresis or medication changes, this is unlikely to have significantly altered our results. MVA using PHT was the only method feasible in all patients in this study and was therefore used for standardized measurement of valve area. PHT can be shortened by LV noncompliance, thereby falsely elevating MVA. 35 However, this would only have been expected to overestimate MVA in our patients with LF MS, but, since all of them had an MVA in the severe area at baseline, this should not have affected their inclusion in the study sample. Although there is no true gold standard for MVA measurement, PHT valve area correlated well with all other methods of valve area assessment. This study included patients with predominantly rheumatic MS. Future studies should seek to establish whether similar hemodynamics of LG MS with ventricular-vascular uncoupling and LV diastolic dysfunction occur in calcific degenerative MS.
Conclusions
Patients with LG MS display less benefit from valvuloplasty despite valve intervention. This could be related to the presence of less-than-severe MS (NF/LG) or pseudosevere MS in the LF/LG subset, which was characterized by high arterial afterload, prevalent AF, and decreased LV compliance. Future studies using exercise testing are needed to determine whether we can better differentiate which patients with LG MS may be better responders to mitral valve intervention.
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